Background: Shift work-related carcinogenesis is hypothesized to be mediated by melatonin; however, few studies have considered the potential effect modification of this underlying pathway by chronotype or specific aspects of shift work such as the number of consecutive nights in a rotation. In this study, we examined melatonin patterns in relation to shift status, stratified by chronotype and number of consecutive night shifts, and cumulative lifetime exposure to shift work.
Introduction
In 2007, shift work involving circadian disruption was classified as a probable (Group 2A) carcinogen by the International Agency for Research on Cancer (IARC) on the basis of sufficient evidence in experimental models, and limited evidence in humans (1) . Epidemiologic studies have suggested that working nights and rotating day/night shifts are associated with increased cancer risk at multiple sites, including breast, colon, and prostate (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Earlier meta-analyses demonstrate that long-term night shift work is associated with an increased risk of 40% to 50% for breast cancer (2, 3) ; however, due to heterogeneity among studies, a more cautious interpretation of this evidence is warranted. One limitation is the current lack of consensus on the definition of "shift work," which leads to heterogeneity in exposure assessment (15, 16) , where most studies have used either current shift work status or duration of shift work without considering other aspects that may be relevant such as the number of consecutive night shifts worked (17) . More recent meta-analyses have emphasized the heterogeneity observed between studies, and concluded that night shift work is weakly to moderately associated with increased breast cancer risk (18, 19) .
The potential carcinogenic effect of light at night and shift work exposure is hypothesized to be mediated by melatonin (20) , a hormone with cancer-protective properties that has been associated with decreased cancer risk (21) (22) (23) (24) (25) (26) (27) . Although there is a growing body of evidence to support this mechanism, other potential carcinogenic mechanisms may operate in parallel (28) . To date, most epidemiologic studies of shift work and melatonin patterns are limited in scope and design, where most assess only cross-sectional urinary 6-sulfatoxymelatonin (aMT6) concentrations, without consideration of timing of peak production. The general pattern observed in these studies is increased exposure to shift work and light at night and decreased melatonin production (29, 30) . However, as a result of cross-sectional examination, one methodological issue that arises is the potential for confounding by circadian rhythm since pineal secretion of melatonin is inherently circadian: comparisons using functional times do not account for differences in internal biologic time among individuals. Very few studies have examined melatonin patterns by using and/or modeling time-series data, which takes into account an individual's circadian rhythm: these studies have demonstrated that working nights is associated with not only a decrease in melatonin production, but also a delay in peak time of production (31, 32) .
Heterogeneity among shift work studies can also be attributed to the lack of consideration of an individual's chronotype (15) , a hypothesized effect modifier (33, 34) , which may help explain why among night shift workers some develop cancer and others not. Chronotype, or diurnal preference, has been shown to impact an individual's adaptability and tolerance to working at night (35) , and subsequent melatonin patterns (31, 33, 36, 37) . However, to date, evidence has been discordant regarding which chronotypes are more vulnerable to the adverse effects of night time exposure to light. Two studies have shown that workers with morning preference might be more susceptible to light-at-night effects (31, 37) , whereas another study showed the opposite effect, where morning-type night shift workers showed melatonin levels that were closer to levels in day shift workers than did evening-type shift workers (36 Few studies have evaluated the effect of shift work on melatonin patterns with precise exposure and outcome assessments, and even fewer studies have looked at potential effect modification by chronotype. Thus, the specific objectives of this study are: (i) to evaluate the associations between shift work exposure metrics (i.e., current status, past history of shift work, and number of consecutive nights) and melatonin patterns defined by cosinor mesor, amplitude and acrophase; and, (ii) to evaluate effect modification by chronotype on melatonin patterns among rotational shift workers. Although there is a consistently expanding body of evidence to support the role of melatonin in cancer, more research is still required to elucidate which aspects of shift work are most relevant to carcinogenesis.
Materials and Methods

Study population
The target population was female personnel at Kingston General Hospital in Kingston, Ontario. Participants were recruited from inpatient units, diagnostic and support services through advertisements on bulletin boards that described the study and asked potential participants to contact the project coordinator, and through direct email communication to all nurses as well as notices in both the local intranet communication. All participants worked either fixed-day schedules or rotating shift schedules. Participants were full-time or part-time employees with a history of the same regular employment for 1 year before the study, and they were asked to self-exclude if they were pregnant or had given birth in the last year. This study was approved by the Health Sciences Research Ethics Board (REB) at Queen's University, and all participants provided written informed consent.
Data collection
Specimen collection was conducted over a 48-hour period, which included two regular workdays for fixed-day workers, and one day and one night shift for rotational shift workers. Before the initiation of the data collection period, the coordinator administered a questionnaire, including information on health and occupational history, including occupational title, status, and length of employment; whereas chronotype, for all participants, was assessed using the original Munich Chronotype Questionnaire (MCTQ; ref. 39) to characterize people based on their mid-sleep time (MSF). The three exposures of shift work were current shift work (as a proxy for light at night exposure), past shift work history, and number of consecutive night rotations. Current shift work status was determined through self-report, where a shift worker was defined as an individual who works in a rotational pattern that includes nights. Cumulative shift duration was determined through interview, where number of years an individual worked in a rotation was estimated using full-time years þ 0.5 Â part-time years, where the burden of part-time shift work is approximated to be half of full-time shift work. Number of consecutive nights worked in the current rotational schedule was self-reported, and was assumed to be relatively stable over the last year. In the literature, a pattern of six consecutive night shifts has been associated with increased breast cancer risk (40) ; however, because most participants in our cohort worked 2 or 3 consecutive nights, 3 nights were chosen as the cutoff to dichotomize the variables into the following groups: <3 consecutive night shifts and !3 consecutive nights shifts.
Melatonin
During the 48-hour specimen collection period, all urine voids were collected in separate containers. Each urine sample was time-stamped in diaries, aliquoted and stored at À70 C. Concentrations of the primary urinary metabolite of melatonin, 6-sulfatoxymelatonin, were assessed using the Buhlmann ELISA Kit, a competitive immunoassay that uses the capture antibody technique. For the analytic performance of assays, internal and external quality controls were conducted. The reproducibility of standard curve parameters and control values were checked against the established performance characteristics of the assay for melatonin and creatinine; and measurements were also compared with the reference interval of standard kits. To control for urine output, melatonin concentrations were creatinine normalized.
Exclusion criteria
Of the 328 participants initially recruited, 261 were included in the analysis. Participants were first excluded (n ¼ 44) if they had an ineligible chronotype measurement. The assessment of chronotype using the MCTQ is based on the assumption that sleep-wake behavior on free days reflects an individual's internal biologic clock. If individuals wake up with an alarm, then this sleep-wake pattern reflects their social/work constraints instead of their internal clock. Thus, individuals who wake up with an alarm cannot be "chronotyped" reliably. Their MSF values are considered to be contaminated by social influences (41), and will be considered ineligible for the analysis, especially because chronotype is a factor of primary interest in this study. Then, participants with incomplete biologic data on both specimen collection days were excluded (n ¼ 7); and finally, melatonin values that were considered outliers and/or influential observations were excluded (n ¼ 16) by removing participants in the top 5 percentile of each exposure group.
Statistical analysis
Comparisons of work and health characteristics were made between groups using the Wilcoxon Rank Sum test for continuous variables, and c 2 and Fischer Exact tests for categorical variables. Individual melatonin profiles for each group (day-only workers, shift workers working day, and shift workers working nights) were examined by cosinor analysis where the parameters mesor (24-hour mean concentration), amplitude (difference between peak concentration and mesor), and acrophase (peak time of production) were obtained. Each rotational shift worker had two melatonin patterns, one for their day rotation and one for their night rotation, whereas day workers had one pattern derived from the average over their two specimen collection work days. Because mesor was highly positively correlated with amplitude in all three groups (Supplementary Table S1 : Spearman's rank correlation coefficient of >0.92; P < 0.001), analysis results are only presented for mesor.
Geometric means and 95% confidence intervals (which represent the inter-individual variation within the group) were calculated for mesor and acrophase. To analyze the effect of light at night or time of day exposure, pairwise comparisons using a Wilcoxon Sign Rank test of mesor and acrophase were conducted between day and night rotations among shift workers only. Because comparisons are matched (i.e., within participant), not only is there no confounding, but it also accounts for the correlated data structure for day and night shift assessments within one person, given the high inter-individual variability in patterns and timing of melatonin secretion (42) . Furthermore, a second analysis for time of day exposure was conducted where comparisons are made between day-only workers and shift workers on both their day and night rotations. To see effect modification by chronotype and number of consecutive nights, time of day analyses were stratified by chronotype (tertiles: early, middle, and late) and number of consecutive nights (<3 consecutive night shifts and !3 consecutive nights shifts). The associations between cumulative shift work and melatonin patterns were done within each group (day-only, shift workers working days, and shift workers working nights). Multivariable least-squares regression analyses controlling for confounders were conducted to evaluate the between-person associations of shift work and melatonin patterns (where mesor was log-transformed for normality). A priori confounders such as age, parity, age at first birth, and education were retained in all models in accordance to our hypothesized causal model and a previously published directed acyclic graph (31) . Use of sleep aids was also controlled for in all models, as melatonin supplement usage was not included in the initial exclusion criteria. All statistical analyses were performed using SAS Version 9.4 and STATA Version 13.0.
Results
Two hundred and sixty one women were considered in the analysis, 147 working regular day schedules and 114 working rotating schedules, including nights. As described in Table 1 , women working days were older, had a slightly higher number of full-term births, and were more likely to smoke than women working rotating shifts. Furthermore, there were far more nurses among those working rotation shifts (86% vs. 47%) than among day-only workers; and, rotating shift workers also had a longer past shift work history (13 vs. 8 years) compared with women working days only. Both groups were similar in pre/post-menopausal status, body mass index, and reported use of oral contraceptives, sleep aid, and hormone replacement therapy.
Within-participant pairwise comparisons of melatonin mesor and acrophase between day and night rotations among shift workers can be found in Table 2 . Rotational shift workers on their night shift had a lower mesor (À1.6 ng/mg) and an earlier acrophase (À0.8 hours) compared with their day shifts. Stratifying the analysis by chronotype, these differences were only observed for middle (À3.4 ng/mg and À0.6 hours) and late (À1.5 ng/mg and À1 hour) chronotype groups.
In Table 3 , between-participant comparisons also show an overall time of day effect ( Fig. 1 )-shift workers working nights had a lower mesor, in both crude (À1.8 ng/mg) and adjusted (À25%) comparisons, and an earlier time of peak production in only the adjusted comparison (À0.5 hours) compared with dayonly workers. This was further supported by no observed difference between shift workers working days and day-only workers in both crude and adjusted comparisons. Stratifying the comparisons by chronotype (Fig. 2) , the magnitude of the adjusted difference in mesor between night shift workers and day-only workers was more pronounced for later chronotypes (early: À22.1%; middle: À24.7%; late: À30.6%), whereas an adjusted difference in acrophase was only observed in the late chronotype group (À0.9 hours). Stratifying the comparisons by the number of consecutive nights (Fig. 2 ), differences were more pronounced for shift workers working !3 consecutive nights, in both crude (<3 consecutive nights: no difference; !3 consecutive nights: -1.7 ng/mg) and adjusted (<3 consecutive nights: À19.7%; !3 consecutive nights: À32.8%) comparisons; however, differences were similar for acrophase across the two strata (À0.6 hours for both). In contrast, melatonin mesor and acrophase were not associated with duration of past shift work in all three exposure groups (Table 4) .
Two sensitivity analyses were also conducted. First, analyses were repeated among nurses only, because there were considerable fewer nurses in the day-only group, where the differences observed might be attributed to occupational-related stressors that may influence hormonal production. The results of this sensitivity analysis (Supplementary Tables S2-S4 ) not only support the associations seen in the primary analysis, but also show that melatonin mesor was associated with duration of past shift work among shift workers on day rotations: specifically, melatonin decreased (À1.3%) with every additional year of rotational shift work. Second, analyses were repeated among all recruited participants, where those with ineligible chronotypes were reincluded into the analysis (exclusion criteria of incomplete biological data and influential observations still applied) to increase the power and precision of chronotype-independent analyses. The results of this sensitivity analysis (Supplementary Tables S5-S7 ) were similar to those of the main analysis.
Discussion
Exposure to night shift work, as a proxy for light at night exposure, was associated with a lower mesor when comparing within-person to day rotations (À1.6 ng/mg), and between-person to day-only workers (crude: À1.8 ng/mg; adjusted: À25%). This was further supported by no observed difference between shift workers working days and day-only workers in both crude and adjusted comparisons. These results are in accordance with most, but not all recent studies using time-series data. One previous study conducted by our research group observed no difference in mesor between day and night shift among female nurses working on a rapid rotating schedule (43) ; however, the study may have been limited by (i) inadequate power due to a smaller sample size, (ii) selection of confounders using datadriven methods, and (iii) inability to model melatonin pattern by cosinor analysis due to fewer bio-samples. In contrast, the Nurse's Health Study reported a reduction in melatonin concentration of 69% during night shifts (44), whereas two separate studies from Spain observed a 34% reduction of mesor among permanent night workers compared with day workers, (31) and a À38 ng/mg decrease of mesor among rotating shift workers compared with day workers (32) . Thus, our study provides further evidence that melatonin is acutely suppressed by nighttime work exposure.
Night shift work was also associated with an earlier time of peak among within-person (À0.8 hours) and between-person (À0.5 hours) comparisons. In contrast, a study from Spain found that rotating shift workers had a later acrophase (þ1.3 hours) compared with day workers (32); however, the investigators did not adjust for any confounder or statistically assess the difference in timing of peaks. In another study, a 3-hour delay in peak time was reported among night workers compared to day workers (31); however, all participants were engaged in permanent fixed night shifts, the most extreme group in the shift work exposure spectrum. Even though this study differs with regard to the direction of the phase shift, the presence of a phase shift itself may signal a form of circadian adaptation, where it has been suggested that time of peak production may change to better align circadian rhythms to a new sleep-wake pattern (45, 46) . Thus, the results of our study add to the growing body of literature to show that nighttime light exposure affects timing of peak production. Future studies should try to examine melatonin rhythms in relation to other physiologic rhythms to characterize circadian misalignment, as it has been suggested that the adverse effects of shift work stem not from phase shifting itself, but from the misalignment of multiple circadian rhythms (i.e., melatonin and body temperature; refs. 47, 48) .
In this study, shift workers with an earlier chronotype appear to be better protected from the adverse effects of shift work and light at night exposure. Differences in mesor and acrophase were only observed for the middle and late chronotypes among withinperson comparisons. Furthermore, for stratified between-person comparisons adjusting for a priori confounders, a larger reduction in mesor was observed in shift workers with late chronotypes (À32.5%) relative to early chronotypes (À22.1%) when comparing with day-only workers; whereas an earlier timing of peak Leung et al.
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Cancer Epidemiology, Biomarkers & Preventionproduction (À0.9) was observed in shift workers with late chronotypes compared with day-only workers. Recent evidence has suggested that an individual's chronobiologic propensity for sleep and rest may play a significant role in altering the relationship not only between night work and melatonin patterns (33), but also cancer risk (37) . However, to date, evidence for effect modification by chronotype has been discordant. One study showed that participants with morning preference might be more susceptible to light-at-night effects (31, 37), whereas another study showed the opposite, where morning-type night shift workers showed melatonin levels that were closer to levels in day shift workers than did evening-type night shift workers (36) . Even though it has been hypothesized that individuals who work outside their preferred time window of activity (i.e., early chronotypes working at night) are more susceptible to stress/strain, two studies (this study included) now show that shift workers with early chronotypes are less vulnerable to effects of shift work and light at night exposure (36) . This signals that there may be parallel pathways other than the mediation of melatonin that are of greater importance in conferring morning-type susceptibility against the adverse effects of shift work, such as reduced sleep quality and its impact on immune functions (28, 49) . It is still an understudied hypothesis, and given the discordant evidence, the impact of chronotype on melatonin pattern and cancer risk among shift workers warrants further investigation, especially as it may help explain why among workers who share the same shift work exposures, some may develop cancers and others not. Mesor was also differentially affected among shift workers by the number of consecutive night shifts worked. A larger reduction in mesor was observed in those working !3 consecutive nights relative to those working <3 consecutive nights compared with day-only workers. To our knowledge, this is the first time this has been reported and it supports the evidence in the existing breast cancer literature by demonstrating at a biomarker level the mechanism suggested by experimental research at the population level: Breast cancer risk increases by only 3% for every 5-years of shift work, whereas the increase in risk elevates to 80% for every 5 years with !6 consecutive nights in a rotation (40) . Therefore, we can identify this as an aspect of current rotational shift work that alters circadian melatonin pattern. Because this is the first study to show an association between the number of consecutive night shifts and depressed melatonin rhythms, future studies should try examine and replicate this association, especially because melatonin has been shown to possess cancer-protective properties (21) (22) (23) (24) (25) .
In terms of past shift work history, cumulative exposure to rotational shift work was not associated with either mesor or acrophase among both shift workers and day-only workers. There are many possible reasons for the lack of association. First, longterm rotational schedules, especially with rapid rotation between day and night shifts, may be insufficient to chronically disrupt melatonin patterns. Second, a number of day-only workers in this cohort, mainly non-nurses, had no past shift work history or close to zero years of shift work. By including these individuals, there will be lots of variability in melatonin mesor and acrophase at or close to zero years of past shift work. In a regression framework, this translates to very little precision at the lower extreme of the distribution, and given that estimates are leveraged by the extremes, it is not surprising that no association was observed. In our sensitivity analysis where non-nurses were excluded, cumulative shift work was associated with a À1.3% reduction in mesor for every additional year of rotational shift work in shift workers on day rotations. Even though most of the evidence in the literature demonstrates acute effects of working at night on melatonin, these results are suggestive of a chronic accumulation of effects, which supports the current breast cancer literature that long-term shift work may increase the risk of breast cancer (4) . Given that other studies have not shown associations of cumulative exposure with melatonin patterns, and that our study did not have enough variability in cumulative exposure (i.e., large proportion of sample had zero or close to zero years of past shift work), the association and biologic mechanism for a chronic effect of shift work on melatonin requires further study.
One of the strengths of this study is the collection of urine samples over two 24-hour working days that enabled the characterization of circadian melatonin patterns by modeling timeseries data using cosinor analyses. Because we can describe the patterns of melatonin, we can see where the peaks occur regardless of shift schedule, and we can avoid making comparisons that are confounded by an individual's internal biologic time. A second key strength of this study is its observational nature, where circadian melatonin patterns can be captured during working hours of both day and night shifts to demonstrate at the population level a potential mechanism suggested from experimental research. Another strength is the rigorous examination of several exposure metrics of shift work, as well as effect modification by chronotype, to elucidate which aspects of shift work may be related to adaptation, and possible internal desynchrony, which may be related to cancer risk. Furthermore, a priori confounders were selected carefully with a hypothesized causal model that coincides with other causal models/DAGs among existing studies.
One limitation of this study is the use of MSF as a proxy for chronotype. At the time of this project's inception (2011), the Munich Chronotype Questionnaire for Shift Workers (MCTQshift; ref. 41) had not yet been published or validated. Instead, chronotypes for both shift workers and day workers were assessed using the original Munich Chronotype Questionnaire (MCTQ; ref. 39 ). We chose not to correct for sleep-debt (MSFsc) because the algorithm would introduce error into the characterization of chronotype among shift workers as the general MCTQ was intended for individuals workings standard hours (calculating an average sleep duration, which is needed to correct for sleep debt would not be appropriate for shift workers given the differences in sleep-wake behavior for day and night rotations). This correction would subsequently introduce bias, as the sleep-debt adjusted chronotypes would only be correct in day only and not in rotational shift workers. Thus, MSF on free days for both day-only and rotational workers (especially due to long periods of free days in a rotational schedule) was deemed the best parameter to use as a proxy for an individual's chronotype. Future studies should use the MCTQshift for shift workers, as MSFsc is a more reliable indicator of chronotype. Another limitation of this study is the potential lack of generalizability because our study population was restricted to female health care workers who worked either rotational or dayonly schedules, and that chronotype was examined by cohortspecific tertiles. Furthermore, even though individual light exposure measures were not included in this study, our previous studies in these hospitals have shown that night lighting is quite dim at 40 to 50 lux (43, 50) , which is much lower than experimental conditions. Because intensity and timing of light exposures can impact melatonin patterns (51) (52) (53) , individual light assessment should be incorporated in future studies. Finally, the modeling of time-series data by cosinor analysis did not take into account serial correlation of observations within participants, which may violate the assumption of homoscedasticity of error terms. A mixed-effects model with a first-order autoregressive structure was attempted to model the autocorrelation of errors, but complications with convergence arose due to unbalanced data (variable number and timing of urine samples across individuals). Thus, future studies should try to extend the usual cosinor analysis by using an autoregressive covariance structure to model the serial correlation often seen in biorhythm data (54) .
In conclusion, this study evaluated the association of various exposure metrics of shift work with melatonin patterns, and found that (i) night shift work with !3 consecutive nights is associated with a more pronounced reduction in melatonin mesor; and, (ii) night shift work is modified by chronotype, where evening chronotypes show more pronounced effects of nighttime light exposure. To our knowledge, this is the first study to assess the number of consecutive nights in relation to melatonin patterns, and one of the very few studies examining effect modification by chronotype. Although there is a growing body of evidence to support the role of melatonin in cancer, more research is needed to elucidate which specific aspect of melatonin production (24-hour mean concentration or timing of peak production) is most relevant to carcinogenesis. Future mechanistically oriented studies need to be more comprehensive by analyzing the role of melatonin in conjunction with other parallel pathways that may operate between shift work and cancer (28) to guide intervention strategies and healthy workplace policies.
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